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Abstract

Introduction

Properties of irradiated starches have been outlined in this review . ')'-radiation generates free radicals
on starch molec ules which cause changes in starch properties . The inten sity of free radicals is dependent upon
starch moisture content , and temperature and duration of
storage. Increasing dosages of -y-irradiation creates in creasing intensities of free radicals on carbo hydra tes.
These free radicals are responsible for bringing about
molecu lar changes and fragmentation of starch molec ule s. Increasing ')'-irradiation dosages cause an in crease in acidity , and decreases in viscosity and water
solubility of starches. The g ranule structure remains
viSually undamaged at low dosages of irradiation, but
may suffer severe damage at higher dosages (100 kGy) .
Safety of irradiated foods continues to remain a subject
of public concern . Studies have shown that irradiated
foods are toxi cologically and c hemi cally safe for human
consumption . Irradiation of starchy foods can be controlled to bring about required changes beneficial to the
industry , and at the same time provide wholesome food
to the consume rs.

High energy ionizing radiation (')'· radiation),
emitted naturally by 6°Co and 137 Cs , provides high energy to the elect rons on which it falls causing them to become highly un stable entities in molecul es . These unsta ble entities, ca ll ed free radicals , a re respo nsible for
several reactions in biological materials . Like many
food processing techniques , irradiation is used to redu ce
spo ilage and eradicate pathoge ni c microorganisms. Con s umer s generally view anything related to irradiation
with apprehension and, hi sto ri ca ll y, cons um er accept ance of a new process can be a lengthy process
(Mussman, 1985). One of the major misconceptions is
that irradiated foods become radioactive, which is untrue
(W HO , 1988a). A joint FAO/IAEA/WHO (1977) expert
committee took the first step towards building co nsumer
confidence in irradiated foods by recommending th at
foods irradiated with a 10 kGy dosage were wholesome
and safe for human consumption . Safety of irradiated
foods continues to remain a subj ect of public concern .
Studies have shown that toxicological and chemical data
on one variety of a food group can not o nl y be applica ble to other foods in the same group , but can also be extrapolated to other food groups with minimal fu rth er
testing (Joint FAOIIAEA / WHO expert committee,
1981). Similar radiolytic reactions occur in simi lar food
co nsti tuents, suc h as proteins, lipid s and ca rb ohydrate s,
when irradia ted up to 10 kGy dosage, producing predict·
ab le amounts of common radiolytic products (Joint
FAOIIAEA / WHO expert committee , 1981) . Similarly ,
starches from different sources produce similar radiolytic products upon r-irradiation (Raffi eta/. , 198Jd).
The ge neral principle of food processing by irradiation has been well studied . Consume r acceptab ility
is likely to be influenced more by specific technological
and economic advantages of irradiation processing as
opposed to conventional methods of processing
(McMurray , 1990). Irradiation processing may require
different irradiation dosages depending upon the type of
food and the objective of th e irradiation. For exam ple,
a dosage of 0.02-0.15 kGy inhibited sprouting of potatoes, onions and garlic , 0. 1-8 kGy destroyed pathogenic
and non -spo re forming microorganisms , and 10-50 kGy
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products. The numbers Rl to RIO are used to identify the reactions (Sonntag, 1979) .
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sterilized food material s from microbial infesta ti on
(Eh lermann , 1983; Wo lters eta/ ., 1990). Maize sta rch
can be safely ste rili zed with -y·i rradiation dosage level of
5 kGy (Radl ey, 1960). There are no reports of irradiated foods containing carci nogen or toxi c substa nces
(WHO, 1988b) . Al so, there is no evidence that rad iolytic products, produced in foods ir radiated with a 10
kGy dosage, are different from the hydrolytic products
found in non -irradiated, conven tionally processed foods
(WHO , 1988b). Despite th e fac t that irradi ated foods
are safe for human consumption, this process remains
un popular. This review di scusses the changes brought
about by ionizing radiation in the physicoche mical and
molecular properties of starch.

The conce ntrati on of solu tes, such as carbohyd rates, added to the water may determine the residual reactivity of free radicals (Phillips, 1961) . The concentration of H atoms can decrease if the solute reacts with
them . Similarly, the conce ntration of • OH radical s can
decrease if the solute reacts with them (Phillips , 1961).
R ad io lytic pathwa ys of carbohydrates
The • OH and H• radicals have the capability of
removing H ato ms from any of the carbon ato ms on a
carbohydrate molecule (Equ a tion 5) and create a carbohydrate radi cal which is su b sequently converted to a
pe roxyl radical in the presence of 0 2 (Equation 6)
(Sonntag, 1980). Of the H atom and an OH group attached to a ca rbon in a carbohydrate chain , the hydrogen
atom bound to the oxygen atom in the OH group is less
likel y to be removed than the individual H atom. T herefore, in a free radical reaction of an • OH radical with
a carbo hydrate molecule, the carbohydrate radi cal,
shown in Equation 5, is more likely to be produced
(Sonntag , 1980). In order to promote the reaction in
Equation 6, th e carboh ydrate so lution should be saturated with more than 4 parts of N 20 to I part of 0 2. If
the 0 2 content increases above 1 part per 4 parts of
N 20, it can create 0 2• entities which cou ld interfere
with the production of carbohyd rate peroxyl radi cals
(Sonntag, 1980).

Radiolys is of Carbohy drates

Ionization of water
Water is an essential food consti tu ent. E lectro·
magneti c radiation emits a high amount of ene rgy which
is much greater than the binding ene rgy of electrons
(Phillips , 1961).
Water, after absorbing radiation
energy, produces solvated hydroxyl radicals and electrons . Water is transformed into an energy rich state
which then reacts within or with the solute until the energy dissipates (Allen , 1948). These reactive entities
are called free radicals (Allen, 1948; O'Meara and
Shaw, 1957 ; Phillips, 196 1; Phi llips 1980 ; Son nt ag,
1980) . The ioni za tion of water occurs along the primary-recoi l e lectron whi ch imparts sufficient energy to the
secondary electrons to make them reactive species within
a radiu s of 20 A (Phi ll ips, 1961). The mechanism is
exp lained as:
e 1 ~ H2 0 Eil
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The chain reactions starting at a free radical on
any of the 6 carbons of D-glucose may lead to different
produc ts. However, in the following discussion, thereactions of irradiated D-glucose starting from the free
radical at C I are discussed (Sonntag, I 979).
In deoxygenated solutions, a reaction scheme as
shown in Figure 1 is observed. Reaction R8 , whi ch is
the eli mination of water , is the most prominent one.
Minor rearrangement reactions involving the lactol
bridges (R6) and elimination of carbon monoxide (R2)
also occur. 0 -glucose can be recove red following reaction R I0. On the other hand a 5-carbon product D-arabinose, following reaction R4 , can also be formed. Radiolysis of ca rboh yd rates in the solid state is not well
understood. Several researchers ha ve reported that the
free radicals o n sta rches in soli d phase ca n be characterized by studying the spin-trapped rad icals in liquid
phase. A free radical at the C I position of 2-deoxy- Derythro· pentose (product 7), upon rearrangement, leads
to product 8 (Fig. 2) (Son ntag, 1979). Product 8 can
react further with 2-deoxy-D-erythro-pentose (product
9), giving product 10, and another unit of produc t 7 .
Products 8 and I 0 co ntinue to react an d terminate in

where e 1 and c 2 are reco il electrons and e 5 is the second ary electron. The e, further reacts with water to produce H 2o ED, which in turn reacts with water to produce
a hydroxyl radical (• OH) (Ph ill ips, 1961). Inte rmediate
products, such as H2o +, H3o+ or H 20 2, are also
formed whic h lead to more stable H + and oH - radi cals
(A ll en, 1948). Reaction of radiation induced so lvated
electrons with nitrous oxide (N 20) may increase the conce ntration of • OH radicals to as high as 90% (Son ntag ,
1980).
The free radicals generated within water decom pose when the energy imparted by ionizing radiation dissipates over a period of time (Allen, 1948). However ,
an addit ion of H2 to • OH radi cals may lead to an in crease in the number of • H radicals. An addition of
H 20 2 to • H radica ls may increase the concent ration of
• OH radicals (Equations 3-4) which increases free radical propagation capabilities of suc h irradiated materia ls
(Phillips. 1961).

H•

I

+

(3)
(4)
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di sacc haride molecule remains unchanged and the other
sub unit produces several breakdown products (A dam ,
1983) . Degree of depolymerization from the indu strial
standpoin t is more important than th e number of radiolytic products produced (Raffi eta/ ., 1985; Michel et
al. , 1980a). Radiolyti c pathways found in simple low
molecu lar weight bound sugars are similar to those in
more complicated pol ymers consisting of these subunits ,
such as in corn, wheat and potato starches. It is possi ble
to extrapolate data to more compli cated saccharides to a
large extent, thus making it possi ble to predict radiolytic
reactions in those systems (Adam, 1983; Raffi eta/.,
1985) . Radiation induced scission of the glycosidic linkage leads to generation of a free radical at the C I position on the glucose mol ecule in a starch macromo lecule
which becomes weak as reaction with oxygen during
storage makes it a peroxyl radical (Raffi and Agnel,
1983).
Oligomers , rather than the glucose alone, are
more satisfactor y model s for studying the effects of irradiation on starch macromolecules because glycosi di c
linkages play an important role in the depolymerization
process (Raffi eta/., 1985). Since elect ron paramagnetic reso nance (EPR) spect ra , which are used to characte rize free radicals, are poorl y resolved in the solid state,
use of alternative techniques such as spin trappi ng of irradi ated sugars in solid or mon ocrystal state are necessary (Raffi and Agnel , 1983) . Irrad iation of suc rose illustrates the usefulness of EP R spin trapping to enhance
the resolution of free radicals in aqueous medium
(Trio let eta/., 1990). Free radi cals in polycrystalline
a -D-glucose can be made long lived, for further study,
by spin-trapping of radicals with a water: ethanol (2: 1
vo \ume:volume, v:v) solution of 2-nitroso-2-met hy\ propane (nitroxide trap) as shown in Equation 7 (Thiery
eta/ ., 1983).

10
CH3

+

Figure 4. Scheme showing the reaction mechanism of
radiation induced free radical s and the corresponding
chemical changes (Baugh, 1979).

- - H O V OH

9

8

Fig ure 3. Mec hanism for L-threo-tetradiatdo sc production from a radiation induced glucose pe roxyl radical.
The numbers 12 to 16 are used to identify the products
(Adam, 1983; Schuchmann and Sontag , 1977) .

-

0
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• STANDS FOR FREE RADICAL

Fig ure 2 . Free radical reactions of 2-deoxy -D-erythropentose. The numbers 7 to 11 are used to identify the
products (Sonntag, 1979).

product II . Presence of a C5 peroxyl radical on a glucose molecule (product 12) forms an oxyl radical (product 13) which decom poses to form a radi cal (product 14)
(Fig. 3) (Adam , 1983). Product 14 accepts oxygen
forming another peroxyl radical (p roduct 15) . The final
product 16 , L-threo-tetradialdose, is formed due to elimination of hydrogen perox yl radi cal (A dam , 1983).
Gas liquid chromatography - mass spectra is very
useful in identifying chemical changes in oligosaccharides consisting of tess than six or seven a - l -4 linked Dglucopyranoside units (Baugh , 1979). Irradiated oligosaccharides (a- and 13-cycloamylose) are hydrolyzed with
enzyme and acidic reagents to produce mono saccharides
containing unchanged D-glucose units and a number of
modified residues (Baugh, 1979). Scheme I and 2 in
Figure 4 show the chemical changes, such as ring opening , induced on cycloamylose by -y- radiation . Presence
of a free radical site at Cl in an a-1-4 linkage (scheme
1) may result in rearrangement of free radi cal sites from
Cl ~ C4, leading to the production of l , 5-lactone after
hydrolysis and 4-deoxy after hydrogen transfer during
di sproportionation . If the free radical site is C5 (scheme
2) , the radical sites may then rearrange from C5- ClC4, leading to the production of 5-keto after hydrolysi s
and 4-deox y after hydrogen transfer during di sproportionation (Baugh , 1979).
Scission of the glycosidic linkage of deoxygenated
and nitrous oxide (N 20) saturated -y-irradiated disaccharides is due more to a hydro lytic process than to a radio lytic process (Adam, 1983). One of the subunits in the

G • • R - N

=

0 - R -

N

I

- G

171

0.
where G• is a glucose radi cal and R-N =O is a nit roxide
trap.
EPR study of spin-trapped radi cals suggests that
it is possible to compare the EPR spec tra of oligomers
irradiated in liquid or solid states (Agnel eta/., 1985;
Raffi eta/., 1987 ; Thiery eta/., 1990) . EPR and high
performance liquid chromatography (HPLC) techniques
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may be used in combination to characterize th e mecha -

Table I. EPR intensities (6H) of AA' and BB ' lines of

nism of radiation induced free radical action in o\igo-

irradiated starches (Ram and Agnc\ , \983).

mcrs , although HPLC alone may cause slight decomposi tion ofnitroxide-adducts (Agnel €/ a/. , 1985). HPLC is
used to isolate the nitroxid e-adducts which can then be
characterized more precisely by EPR (Raffi et a/. ,
1987) . Of the different types of radi cals present on ir radiated oligomers, the most prominent and persistent
ones are present at th e Ct position on the first glucose
unit as shown in Equation 8.

Product
Waxy Maize
Maize Starch
Amylomaize
Crystalline
Maize Starch
Crystalline
Waxy Mai ze

H
HO -

C•(1) I

H

I

C (2) - G2 - G3 - G4 - G5 - Gl

Line AA •a

Line BB'"

g

C.H

2 .0050

25.3

2.0050

8.44

C. H

2 .0044
2 .0049
2.0047

26. 1
25.9
21.7

2.005 4
2.0048
2.0049'

8.51
9.28
8.32'

2.0052

2 1.7

2.0029c

8.29'

avalucs recorded immediately afte r irradiation.

I

OH

bValues reco rded several months after irradiation.
(8)

cLine found onl y after heat in g o f the product at 80 -90°C.

where 02 to G7 are glucose units in the linea r c hain and
the C(l) and C(2) positions are on the first glucose unit.
Since these results are si milar to the ones exhibi ted by
irradiated starches, the oligomers may be used as models
for starches to study free radical s reactions.

Table 2. EPR intensities (cma) of 0, 25 and 50% amylose
co rn starches (Sokhey, 1991).
Radiation
Starch Amylose Content ( %)
dosage
25
(kGy)

so

Irradiation Induced Changes in Starches
Free radicals on carbohydrates
Electron paramagnetic resonance (EPR) can detect
free radi cals generated by -y-radiation (O ' Meara and
Shaw, 1957). EP R spectra gives minute details of th e
structure of free radi ca ls in terms of presen ce of un paired electrons at more than one place within the molecule. The yie ld of free radicals is a fu nction of severa l
environ mental factors , and diffe rent molecul es have different specific structures of free radicals which can de termine the chemical enviro nment of the unpaired electrons. The EPR inten sities of free radi cals increase
fairly linearly with th e increase in -y-radiation dosage
(O ' Meara and Shaw , 1957; Sokhey and Chinnaswamy ,
1993).
The stability of free radical s largely depends upon
heating , moisture content and storage time (0' Meara and
Shaw, 1957 ; Raffi and Agnel, 1983; Sokhey and Chinnaswa my, 1993) . Low moisture content in carbohydrates
favors higher EPR inten sities , whereas consistently in creasing moisture contents proportionally lowe r the EPR
intensities (O ' Meara and Shaw , 1957 ; Raffi and Agnel ,
Although the EPR intensities of irradiated
1983).
starches stored at room temperature continue to decrease, the starches with low moi stu re contents co ntinue
to exhibit higher EPR intensities than starches with
higher moisture contents (Raffi and Agne\ , \983 ;
O'Meara and Shaw , 1957). Addition of excess water to
irradiated starches results in the disappearance of the
free radicals (O ' Meara and Shaw , 1957 ; Raffi and
Agnel, 1983 ; Rayas-Solis, 1987). Waxy and normal
corn starch granu les have 40% crystal line regions
whereas amylomaize has only 15 to 22% crystalline
regions (Zobel, 1988) . Crystalline regions within the

10
23

4.8
9 .2
13 .9

6.4
10. 1
12.9

4. 9
7.2
12. 0

Wfhe intensity of the EPR signal measured in em from peak
to peak.

starch granules maintain a higher EPR intensity for extended periods of time (Table I) (Raffi and Agnel,
\98 3). Sokhey and Chinnaswamy (1993) reported similar EPR intensities with waxy and 50 % amylose corn
starches. However , EPR intensities for starches increase
with increasing irradiation dosages (Table 2).
Temperature contributes significantly to the stability of the free radicals (Phillips , 1980) . The half life
of fr ee radicals decreases from 12.5 weeks at 20 °C to
about 8.5 hours at 50 °C. The storage temperature of irradiated potato tubers affected changes in starch properties (Golachowski , 1991). Afte r heating low moisture
content starches to 80-90 oc , the EPR spectra dege nerate
to one similar to that obtained from irradiated starches
stored at room temperature for several mont hs (Raffi and
Agnel , 1983). Heating irradiated substances in a boiling
water bath for only a few minutes re sults in the disappearance of the free radicals (O'Meara and Shaw , 1957).
Extrusion cooking conditions of high temperature , pressure and shear for a duration of a few seconds to a few
minutes also resu lted in a dec rease in EPR intensities
(Sokhey and Chinnaswamy , 1993). Presence of free
radicals can be used as an analytical technique for qualitative detection of irradiation in foods containing bone
(Stevenson and Gray , 1990; Zabielski e / a/., \990).
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Figure 5. Scanning electro n micrographs show ing the effect of irradiation on the structure of the 0% amylose sta rch
g ranu les. Figures SA and SB correspo nd to the cont rol (0 kGy) an d 31 kGy treatmen ts, respectively. Bar = I ~tm .

Luminescence

on the sta rch granu les. Rayas-Solis ( 1987) studied ther ma l properties of 20 kGy ')' -irradiated g reat northern
bean sta rch and reported th at an in crease in ge lati ni zation te mpera ture from 65.4 °C to 66.9 °C could probably
have been du e to a more disordered g ranule st ru cture .
Co mpl ete des truction of the starch gran ul e stru cture ,
however, can occur. This was found when starc h g ra nules , subjec ted to a -y-irradiat ion dosage of 100 kGy ,
we re observed under scannin g and li gh t microscopy
(B hatty and MacG regor, !988). Visual ev idence of this
dam age can be obtain ed by observ in g cracks on the
starch granules using light mi c roscopy . Greenwood and
Macken zie (1963) , however , stated that starch granular
stru cture , as obse rved under light mi crosco py , rema ined
in tact even after a to tal irradia tion dosage of 100 kGy ,
but extensive depolymeri zation of starch resulted .
Damage to the starch granules may not be observed at dosages of 0 to 3 kGy , but is likely to exist in
the form of c hanges to the struct ure of starc h molecul es
(MacArt hur and D' Appolonia , 1984) . Evidence of thi s
wa s found in in creasing Farrand Equ ivale nt Units (FEU)
from 26.7 to 44 .0 and water binding capacity from 7 1.1
to 77 .4 as irradiation do sage was in creased fro m 0 to 3
kGy (Tab le 3). Fragmentation of starch molecules in th e
ir radiated sta rch granul es resulted in a sli gh t increase in
crys tall inity values in wheat starch , from 104 .5 to
112.4 %, whe n irradiation dosages were increased fro m
I to 3 kGy (MacArth ur and D 'Ap polonia, 1984). Wootton era/. (1988) reported a similar increase in crystallinit y of ')'-i rradiated Australian rice (lnga variety) , from
100 to 105 %, when irradiation dosages we re in creased
from 0 to 10 kGy .

Ca rbo hydrates ionized with radiation and then dissolved in so lven ts emit light which can be measured with
the help of a light spec trome ter (Ettinger a nd Buchan ,
1979). T hi s lyo luminesce nce (LL) is due to th e prese nce
of free rad icals. Irradi ati o n of carbohydrates lead s to th e
production of peroxy , hydroperoxy o r singlet oxygen due
to free radica l reac ti o ns withi n carbohyd rate molecules .
The intens it y of light emitted by free radicals depends
upon the intensi ty of free radicals present. The presence
of free radical quenchers , which can te rminate free radi cals , affect the intensity of light emitted . This LL
mechanism of free radicals could be employed in the radi a ti on dosimetry of biochemicals (Etting er an d Buchan ,
1979). Althoug h it is not clea r wh y LL arises from irradiated ca rbohydrates , it has been established that the
presence of 0 2 is essential for LL as indicated by an in crease in consumption of 0 2 when irrad iated ca rb ohydrates are dissolved in water (Baug h, 1979).

Starch Granules
Jn the solid state , energy is absorbed by carbohyd rate s and th e crystalline regio ns of starches may provide th e most suitab le place for free radi cal gene rati o n
because there is no int erference from any other material
(Sonntag, 1980) . The free rad ical induced reactions are
more prominent in aqueous solutions of the carbohydrates because relatively more radiation ene rgy is ab sorbed by carbohyd rates and water in solution than carbohydrates alone in the solid state (Sonntag , 1980). In
ord er to see the effect of radiation on starch granules in
the so lid state , waxy co rn starch was -y-i rrad iated at 31
kGy dosage level at room tem pera ture . The sta rch gran ules were observed using scanning electron microscope
operated at 5 kV . There was no evidence of physical
damage to the irrad iated sta rch gran ul e (Fig. 58) when
compared with th e co ntrol sample (F ig. SA). MacArthur
and D ' Appolonia ( 1984) also reported no visual damage

So lubility
The solubi lity of -y-irradiated starches , at constant
moisture co ntents , in creases with increasing radia tio n
dosage (Sok hey and Chinnaswamy , 1993 ; Rayas -Solis,
1987 ; Michel et a/. , 1980a) . An in c rease in wate r
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Table 3. Physical properties of wheat (Waldron variety) starch granules (MacArthur and D' Appolonia, 1984).
Radiat ion

(kGy)

~FEU =

Starch
Damage

Water
Binding
Capacity

(flour,
FEU)'

( %)

26 .7
33.8
44.0

71.1
72.4
77.4

Swell ing Power
(%)

Water Solubility
( %)

Pasting Temperature

Pasting Tem perature

( OC)

( OC)

100

60

100

Pasting time
(h)
10
40

5.5

l4.1

2.1

16.1

7.4

5.1
4.6

13.4
13.1

2.5
3.2

18.6
30.0

5.0
4.9

60

Farrand Equivalent Units.

measured by spectrophotomet ri c anal ysis of the amyloseiodine complex (Wootton e/ a/. , 1988).

at 30 °C (Sokhey and Chinnaswamy , 1992).
Solubility

Viscosity
Any change in the st ru cture of starch molecules
will be reflected in the changes in viscosity, solubility
and swellin g power of the granule. Ca rbohydrate polymers treated with y -irradiation are expected to suffe r
fragmentation and consequen tl y a decrease in intrinsic
viscosity (Michel eta/., l980a ; Grant and D ' Appolonia ,
1991). Intrin sic viscosity of starches is inversely proportional to the number of reducing end groups and degree of polymerization (Michele/ a/. , 1980a ; Michel e/
a/. , 1980b). Brabender viscosity of starches is linked to
in trin sic viscosities (M ichel et al. , 1980b ; Raffi er al.,
198 \ e). Pasting viscosity of wheat starch treated with a
3 kG y irradi ation do sage decreased from 350 Brabender
units (BU) at 95oc for control to 55 BU (MacArthur and
D 'A ppolonia , 1984) . The rate of retrogradation also
decreased from 12. 7 BU / min for a co ntrol to 4.5 BU /
min for 3 kGy . The change in intrinsic viscosi ty of
starch dissol ved in IN NaOH from 1. 70 for the control
to 1. 32 for 3 kGy may be due to changes in the starch
molecules , their configuration and/ or th e ir mol ec ular
weight s (MacA rthur and D' Appolonia , 1984). An in crease in viscosity of wheat pentosans irradiated with
low dosages ma y be due to radiolyt ic changes and reassocia tion s of bran ch points (Grant and D ' Appolonia,
1991). The intrinsic viscosity of irradiated rice also
decreased with an increase in irradiation dosage
(Sabularse e1 a/., 1992). Bhatty and MacGregor (1988)
further observed th at a 100 kGy ')'-radiation dosage resulted in a drastic drop in viscosity of barley flour.
Hofreiter and Russell (1974) noted that -y- radi ation dosages between 2 and 5 kGy improved dispersion and viscos ity of starch , a necessary property for surface sizing
of paper. Hofrei ter and Ru ssell (1974) observed that -yirradiated starches produced carboxyl ions on the molecu les, which interfered with the de si rable properties of
the starch for surface-sizing in paper. Hofreiter and
Russe ll (1974), th erefore, suggested that an alkali dispersion could improve the di spersion and viscosity of
starch and, at the same time, could reduce the radiation
dosage requirement.

Corn starch amylose content( %)
(kGy)
0 (Native)
5
10
20
30

0 .1 3
0.2t
0.20
0.73
0.97

38.0
35.5
19 .5

hDMSO = Dimethyl sulfoxide.

Table 4. Water solubil ity(%) of ')'-irradiated corn starch

Irradi ation
Dosage

Solubility in DMSOb
(%)

25

50

70

0.1 3
0.15
0.1 3
0.24
0.80

O.QJ
0.0 1
0.05
0.12
0.15

0.03
0.06
0.06
0.12
0.1 8

content of starches before irrad iation decreases the water
so luble products upon irradiation , which in turn de -

creases the degree of depolymeri zation (Michel et al. ,
1980a) . An inc rea se in solub ility resu lts in a decrea se
in the swelling power of the g ranules (Raya s-S oli s,
1987). The water solu bility of corn starch increases
with in creasi ng y- irradiation dosage from 0 to 30 kGy
(Tab le 4) . Waxy corn starch exhibited a higher increase
in solubility , from 0.13 to 0.97 %, when irradiation dosages were increased from 0 to 30 kG y, whereas , the
water solubility of 70% amylose corn starch increased
from 0 .03 to 0 . 18% for a corresponding in crease in ')'irradiation dosage (Sokhey and Chinnaswamy , 1992).
Temperature significantly affected the water so lubility of
irradiated starch es. Solubilities of nativ e wheat sta rches
increased from 5 to 12.5 %, and those of 10 kGy irradi ated starches in creased from 9 to 25.0% when temperature increased from 75 to 95 oc, respectively (All ah e1
a/., 1974). In creasing irradiation dosage from 0 to 3
kGy increased the solubility of wheat starch at 60 °C
from 2.1 to 3.2%, and at 100°C from 16 . 1 to 30%
(MacArthur and D' Appolonia, 1984). Interestingly, the
water solubility at 100 °C of both unirradiated and 3 kGy
irradiated wheat sta rch es increased to 16.1% and 30.0 %
from a low of 2.1% and 3.2%, respectively (MacArthur
and D ' Appolonia , 1984) . An increase in amylose solubility from 17% to 23.1% for irradiation dosages of 0 to
10 kGy co uld be due to fragmentation of the higher
molecular weight amylopectin fraction of the starch , as
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Table 5. Effec t of ')'- irradiation dosages on corn starch
acidity (Sokhey and Chinnaswamy , 1993).
fr rad iation
Dosage

Acidity (milliequivalents/g)
Corn starch amylose content(%)
25

50

70

0 (Native)

0.52

0.66

0.76

0.81

5

0.58
0.70
1.21
1.68

0.77
0.94
1.25
1.55

0.94
1.00
1.28
1.45

0.95
1.09
1.32
1.52

(kGy)

10
20
30

sta rches could have been du e to breakdown of starch
molecules which perhaps induced COO H format io n
(Sokhey an d Chinnaswamy, 1993). A breakdown of g lycosidic linkages due to the action of free radicals is perhaps the cause for an increase in starch acidity (Radley ,
1960; Saadany eta/. , 1974) . The quantity of carbonyl
derivatives increased linearly with in creasing rad iation
do sage from 0 to 30 kGy (Raffi eta/., 1981a). The
moisture conte nt of the irradiated starch had an inverse
re lationship with carbonyl derivative produ ction (Raffi
eta/., 198 1a). They also reported that the quan tity of
ca rbo nyl derivatives in amylomaize (hylon) starch ir rad iated at 25 kGy, in both oxygen and nitrog'l!n sepa rately,
decreased as the moisture content of the starch
decreased .
Hyd rogen peroxide is produced when maize starch
is subjected to ')'-irradiation. However, the rate of production does not in crease linearly with increasing irra diation dosage ( Raffi eta/. , 198 l b). The fo rmati on of
hydrogen peroxide (Table 6) is related to carbonyl or
acid formation and can be used as a model for acidity
determination (Raffi et a/., 1981b). Dauphin et a/.
( 1974) also reported that formic acid (100 pg/g/10 kGy
in oxygen) is produced in irradiated maize starch (TcrU ie
6) .
Molecular properties
Starch molecules are co mpo sed of a mylopec tin , a
mostly branched and high e r molecu lar weight fraction
(Fract ion 1), and amylose , a mostly li nea r and lower
molecular weig ht fract io n (F raction II ) (Sokhey and
C llinnaswamy, 1993 ; Chinnaswamy and Bhattacharya ,
1986) . Ionizing radiation causes a greater fragmentation
of the amylopectin fraction of starch (Sokhey and Chin naswamy, 1993) . The fragments became smalle r in mo lecular weight and merged wi th the amy lose. The quan tity of Frac tio n I nat ive waxy and 70% amylose co rn
starch consistently decreased with in c reasing ')'-i rradia tion dosage from 0 to 30 kGy (Table 7). The quantitie s
of Fraction II in both waxy and 70% amylose starches
cor respondingly increased . It was interesting to observe
that both the molecular weight and the fraction I content
decreased as irradiation dosage inc reased from 0 to 30
kGy (So kh ey and Chinnaswamy, 1993). Rayas -So li s
( 1987) reported that the apparent molecular weight of
amylose and amylopectin fractions of great no rth ern
beans decreased when ')'-radiation dosage was increased
from 2.5 to 20 kGy. The apparent molecu lar weight of
the amylopectin fraction of irrad iated starch decreased
to a larger extent than did the amylose fraction (Sokhey
and Chinnaswamy, 1993 ; Rayas -So lis , 1987). Average
chain len gth of corn starch molecules decreased with in creasing irradiation dosage, with a myl opec tin molecules
showing a g rea ter decrease than th e amylose mo lec ule s
(Ro ushd i et al., 1983). Ho wever, c hanges in qu ant it ies
of Fraction I did not appear to affect the Amax of the
iodi ne complexes (Table 8). Fragmented amylopectin
molecules of irradiated starches increased th e quantity of
GPC Fraction IJ res ulting in a dec rease in the average
len g th of th e linear molecu les, whi ch decreased the "-max

Tab le 6. Hydrogen peroxide and formic acid produced
during irradiation of maize starches.
Starch
Waxy Maize
Ma ize
Amylomaize

Hydrogen
Peroxidca

Formic
Acidb

Formic
Acidc

0.37
0.59
0.4 1

85
65
55

100.00

a ~M of acid per ml of aqueous extract of starch for a yirradiation dosage of 5 kGy. The aqueous extract was prepared by shaking I g of starc h in 2 ml of distilled water and
filtering (Raffl eta/., 198la) .

b,ug of fo rmic acid per g of starch for a -y- irradiation doasge
of 10 kGy (Raffl eta/., 198 lb) .
c,ug o f formic acid produced per g of starch for a ')'irradiation dosage of 10 kG y (Dauphin eta/. , 1974)

Color
There is a gene ral in crease in L (measu re of
whiteness) , a (measure of redness), and b (measure of
yellow ess) values of 0 to 70% amylose irradiated corn
starches compared to native starches (Sokhey and
Chinnaswamy, 1992) . Wootton eta/. (1988) found that
the milling yield of whole g rain rice was not affected by
increasing ')'-radiation dosage from 0 to 10 kGy , but th e
color deteriorated to yellowi sh. The color deterioration
was attr ibuted to oxidation of phenolics to mel ano idin s
or Maillard react ion products formed between carb ony l
compounds and amino ac id s. Wootton eta/. ( 1988) fur ther found that a higher moisture content gra in rice
underwent grea ter deterioration in color.
Acidity
It is known that irradiation produces COOH
groups in sta rch. It was interesting to review the interrelationships between irradiation dosages and th e leve ls
of acidity (So khey and Chinn aswa my , 1993; Rayas Solis, 1987; Ra ffi eta/., 1981f; Radley, 1960; Saadany
et al. , 1974) . Inc reasi ng irradiation dosages from 0 to
30 kGy increased the acidity of native 0 , 25, 50 , and
70% amylose starches from 0.52 to 1.68, 0.66 to 1.55,
0.76 to 1.45 , and 0.8 1 to 1.52 milliequivalents/g, respectively (Tab le 5). In creases in acidity of irradi ated
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Tab le 7. Characteristics of GPC fractions of irradiation modified starches (Sokhey and Chinnaswamy, 1993).
Irradiation

dosage

Kava

(kGy)
0 (Nat ive)
70 (Native)
0
70
0
70
0
70
0
70

10
20
30

FRACTION II and Ill

FRACTION I

Amylose
( %)

Conten t

0.2
0.2
0. 2
0.4
0. 2
0.4
0.2
0.4
0.2
0.4

MW

(mg)

( 107 dalton)

4.69
2.24
3.25
2. 15
2.91
1.68
1.45
1.51
1.06
1.16

4.5
3.5
4.5
2.7
3.5
3.5
3.5
2.7
3.5
0.8

Kav
0. 3
0.4
0.2
0.4
0.2
0.4
0.2
0.4
0. 2
0.4

to
to
to
to
to
to
to
to
to
to

Content

1.2
1.2
1.2
1. 2
1.2
1.2
1.2
1.2
1.2
1. 2

MW

(mg)

(106 dalton)

0.3 1
2.76
1.75
2.85
2.09
3.32
3.55
3.49
3.94
3.84

3.7
0.1
2.2
0.1
3.7
0.2
1.4
0.2
0.8
0.1

aRecorded Kav values correspond to the high end of the range. The low end was -0. I in all cases.

--------------------------------------------------------------------------------------------------------
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IRRADIATION DOSAGE (kGy)
Figure 6 . Effect of irradiation on the reducing power of co rn starches. I = 0% amylose (slope of linear regression
line 0.044 , R2 0 .97); 2 = 25% amylose (slope 0.043 , R2 0 .98) ; 3 = 50% am ylose (slope 0 .013 , R2 0 .92); and 4 =
70% amylose (s lope 0.026, R2 0 .96) (Sokhey, 1991).
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2 to 4 fold dec reases in the Frac tion J contents (Sok hey
and Chinn aswamy , 1993). A more seve re degradation of
ce ll ulosic materia ls inside an irrad iation chamber main tain ed at lower (20 %) as opposed to a higher (65 %) re lati ve humidity perhaps may have been due to a lower
wate r acti vity which did not allow the fragmented portions of cellulose molecules to recombine (Adam , 1983).
Pure cellulose was more susceptib le to radiolyti c frag mentation than cell ulo se in wood (Adam , 1983).
-y -irradiation increases the red ucing sugar content
of starches (Saadany e1 a/. , 1974 ; Sokhey and Chin naswamy , 1993; Rayas-Solis , 1987; Lu eta!. , 1989). The
redu cing sugar contents of manioc and waxy mai ze
sta rches in creased linearly when the ir radiation dosage
was increased from 0 to 30 kGy (Raffi eta!., 1981e).
Amylose content of corn starch is known to affec t its
propertie s. Samples of 0 , 25 , 50 and 70 % amylose co rn
starches were irradiated with 0 (native) , 5, 10 20 and 30
kGy -y-ir radiat ion dosages at 10 % moisture co ntent and
at room temperatu re (23 °C). T heir reduci ng sugar contents were determin ed suggested by Dygert eta/. (1965) .
Redu cing sugar contents of different corn starches in creased as the amylose con tents and irradia tio n do sages
in creased (Fig . 6). In creasing irradiation dosages from
0 to 10 kGy co nsisten tl y increased the reduci ng sugar
co nt ents and the degrees of depolymerization of wheat
starches (A nanthaswamy et al., 1970). Depolymerization of sweet potato starches , irradi ated with a 10.4 kGy
dosage, was di splayed by an increase in reducin g suga rs
co ntent (glucose an d suga r) from values of 0.67 and
3 .46 % (native) to 1.54 and 5.32 %, respectively (Lu et
al., 1989) . Correspo ndin gly , th e starch content decreased from 20. 67% (nat ive) to 18.46 % for sweet
potatoes irrad iated with 10 .40 kGy (Lu eta/ ., 1989) .
Degree of depolymerization of sta rc h mo lecules
is a function of radiation dosage (Raffi er a/., 1980a ;
Raffl era! . , 198le). Irradiati on of sta rch ca n produ ce
co mm ercial dextrin s bu t the process is not comme rcia ll y
viable. An additional trea tm ent , such as protonation, is
required to make th e ind ustrial production of dextrins
eco nomical (Raffi eta /. , 1980b). The combin ed effect
of acid hydrolysis (protonation) and -y-i rradiation cou ld
produce commerc ial grade starch dex trin s (Mi chel eta/.,
1980b): A ~ - rad i a tion do sa~e up to 50 kGy , proton co ncentratiOn of less than 10· equiv alent H + kg · 1, acid
hydrolys is for less than 2 month s and moist ure co ntent
of starch between 3 and 25% can provide appropriate
conditions for depolymeri zation of sta rches similar to
other chemical methods of modifying sta rch. A com bination or treatments, namely acid hydrol ysis and -y- irradiation , has a sy nergistic effect on the production of
water soluble deg radation products , and cleavage of glycosidic linkages is onl y due to the presence of wa ter
(Mi chel eta/ . , 1980b). A ~ - radiation dosage of up to 5
kG y at a moisture content of 6 to 7% provided appropriate co nditions for the production of glyceraldeh yde ,
dihydroxyacetone and 2-hyd roxymalonaldehyde (Raffi et
a/., 198 l c) . Extrusion cooking of 50% amylose irradiated (2 0 kGy) co rn starches with a single screw ext rud er

Tab le 8. \nax (nm) of amylose- iod ine complex
absorbance for irradia ted corn starches (Sokhey, 199 1).
Amylose
(%)

F RACTION I

FRACT ION II

FRACTION Il l

Kav

Amn

Kav

)..max

25
50
70

0.04
0.04
0.04
0.04

531
565
575
58 4

0.39
0.75
0.82

599
629
620

0.75

659

5 kGy
0
25
50
70

0.04
0.04
0.04
0.04

530
56 t
576
584

0.39
0.79
0.82

587
625
608

0.79

633

529
562
576

592
62 t
614

0.82

62 7

585

0.46
0.4 3
0. 75
0.89

559

70

0.04
0.04
0.04
0.04

20 kGy
0 .
25
50
70

0.04
0.04
0.04
0.04

527
560
578
582

0.46
0.36
0.75
0.82

549
580
6t7
618

0.79

6 19

0.04
0.04
0.04
0. t8

532
559
578
584

0.39
0.39
0.75
0.82

544
577
6t0
6 t4

0.82

6 t0

0 kGy
0

10 kGy
0
25
50

30 kGy
0
25
50

70

of the iodine com plex of GPC Fraction II (Sokhey and
Chinna swamy , 1993) . Hull -less barley starc h exhibited
a decrease in the mol ecu lar weig hts of am ylose, amylo pecti n and P-glucans resulting in increased a - and {3 amy lose, and a decreased s tarch yiel d (Bhatty and
MacGrego r, 1988) .
Fragmentation of th e starc hes resulted in production of several radi olytic products. However, the hydrolytic products ob tain ed from eig ht different sources were
identical (Adam , 1983). Carbohydrate mi xed with sugar
showed less deg rad ati on co mpared with a ca rb o hydrate
solu tion without suga r, perh aps because sugar is mo re
susceptible to radiol yti c damage than polysaccharides
(Adam, 1983). The ~ - irradiation of mai ze starc h resulted in th e production of radi oly tic products (glyce raldehyde, dih ydroxy aceton e and hydroxyma lo nalde hyde)
whose G va lues (nu mber of absorbe r molecules changed
or number of new substa nces formed per 100 eV of energy deposi ted; Urbain, 1986) at 51'g/ ml were qu ite co mparable to those obtained fro m maize starches upon hea ting at l25 °C for 1 hour . Hea ting of irradiated starches
produced a 2 to 5 fold increase in the three radiol yti c
products (Adam, 1983) . Ext ru sion cooking of 0 to 70%
amylose irradiated (30 kGy) starc hes caused 4 to 10 fold
decreases in their GPC Frac ti on I con tents, whereas a 30
kGy irradiation dosage, without extrus ion, caused only

407

A. S. Sokhey and M. A. Hanna
operated at 140°C barrel temperature , 140 rpm screw

Dauphin JF , Athanassiadis H, Berger G , SaintLCbc L (1974). Presence of formi c acid in irradiated
maize starch . Die Starke 26 , 14- 17 .
Dygert S , Li LH , F lorida D, Thoma JA ( 1965).
Determination of redu ci ng sugars with improved precision. Anal. Biochem. 13 , 367-374.
Ehlermann DAE ( 1983). Future prospects for
radiation processing of food. In : Recent Advances in
Food Irradiation . E li as PS , Co hen AJ (eds.). Elsevier.
33 1-354.
Ettinger KV, Buchan G (1979). Free radical
lyoluminescence of some irradiated biochemicals and
related phenomena. In: Radiation Biology and Chemistry: Research Developments , Edwa rds HE , Navaratanam
S , Parsons BJ , Phillips GO (eds.). Elsevier. 127 - 143 .
Golachow ski A (1991). The properties of starch
obtained from irradiated and at various temperatures
stored potato tubers. Starc h. 43 , 176- 179 .
Grant LA , D ' Appolonia BL ( 1991). Effect of lowlevel gamma· radiation on water-so luble non starchy polysaccharides isolated from hard red sp rin g wheat flour
and bran. Cereal Chern . 68 , 651 -652.
Greenwood CT , Mackenzie S (1963). Irradi atio n
of starc h. Part I . Properties of potato starc h and its
components after irradiation with high-e nergy elec trons.
Die Starke 12 , 444 -448.
Hofreiter BT, Russell CR (1974). Gamma-irradiated co rn starches. Alkaline dispersion for surface-sizing
pape r. Die Starke 26, 18-23.
Joint FA Oil AEA/WHO Expe rt Committee (1977).
Whole some ness of Irradiated Foods. Report of Joint
FAO/ IAEA / WHO Expert Committee. Food and Agri c ulture Organization (FAO) of the United Nations, Rome .
1-44 .
Joint FAO/ !AEA /WHO Expe rt Committee ( 1981 ).
Wholesomeness of Irradiated Foods. Report of World
Health Organization Research Series No . 659. World
Health Organization , Ge neva. 7-34.
Lu JY , Miller P, Loretan PA (1989). Gamma
radi ation dose rate and sweet potato quality . J . Food
Quality 12, 369-376.
MacArthur LA , D'appo lonia BL (1984). Gamma
radiation of wheat. II. Effects of low -dosage radiations
on starch properties . Cereal Chern . 61 , 321 -326 .
McMurray CH (1990). Food irradiation - the
challenge. In: Food Irradiation and the Chemist.
Johnston DE, Stevenson MH (eds). The Royal Society of
Chemist ry, Cambridge , U.K., 1- 12.
Michel JP, Raffi J , Saint-Ube L (1980a) . Experimental study of the radiodepolymerization of starch.
Starc h 32, 295 -298.
Michel JP, Raffi J , Saint-Ube L , Huchette M ,
Fl~che G (1980b). Experimental study of the depolymerization of starch under the combined action of protons
and gamma-rad ia ti o n. Starch 32 , 340-344 .
Mussman HC (1985). Consumer reaction. In:
Irradiated Foods , A New Business . The Food Processors
Institute , Washington DC. 31 -33.
O'Meara JP, Shaw TM (1957). Detection of free

speed, 3: I screw compression ratio caused a higher level
of degradation of Fraction I starc h com pared to extru sion coo king of native starches (Sokhey and Chinnaswamy, 1993) . However, the addition of 2.5 % eerie
ammonium nitrate to the irradiated starches degraded the
Frac ti on I completely. The mechanism of degradation of
starches involves c reation of primary free radica ls at C2
a nd C5, or even at glycosidic linkages and later rearrangement to C3 - C4 for the production of 2-hydroxymalonaldehyde (Raffi et al. , 19 8 1c). This may be due
to ca pture of oxygen , released by the peroxy radical , by
the activator forming ca rbonyl derivative.
Conclusions
Increasing dosages of -y -irradia tio n c reates increasing intensities of free radicals on ca rbohydrates.
Propagat ion of free radi ca l reac tion s is intensified by a
low moi sture content. These free radicals are responsi ble for bringing about molecular c hanges in starc hes.
Increasing i rradiation dosage ca uses degradation of
starch molec ules resulting in decreased viscosity and
increased water solubi lit y. The granule st ru ctu re re main s vi sually undamaged at low dosages of irradiation ,
but may suffer severe damage at higher dosages (100
kGy). Acidity of irradi ated starches increases with increasin g irradiation dosages. Cont roll ed irradiation of
starchy foods ca n be used to make the foods safe for
consumpt ion.
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D.J. Gallant : Do you know if the property of lyoluminescence of irradiated starc hes has been tried in the
study of starchy materials in SEM-cathodoluminescence?
Authors: No.
D.J. Gallant : When the contrasting methods of carbohydrates were not yet known, I introduced in 1966-1969
for the first lime, the PA TAg methodology by an adaptation to TEM 1•3 of the Periodic Acid-Schiff reaction.
Knowing that the ..,--irradiation induced many changes,
particularly the fo rmati o n of carbonyl and carboxyl
groups , I obtained well -contrasted images of irradiated
starches b~ direct treatment with silver salts before
inclusion 2• . My exper iments were done on dry starch
granules with high -y-radiation intensity so that, in a few
cases, starch granules could swell in cold water. Starch
granules showed alternate concentric shells (dark and
clear) showing that ionization of water occurred more in
th e most amorphous shells. Also, some parts of the
g ranul es swelled suggesting that macromolecu les were
disrupted and rearranged by H -bon ds. Do you know if
suc h expe rim ents were mo re recently done again with
lower irradiation doses?
1Gallanl DJ , Crozet N. (1966). Ultrastructu re of
purified starch. Problems with incorporation of heavy
metals (in French). J. Mi croscopic 5 , 51 a.
2 Ga llant DJ, Crozet N, Guilbol A. (1966). Ultrastructure of gamma-irradiated potato starch granule (in
French). J. Microscopie 5 , 5la-52a.
3 Gallant DJ, Guilbol A . ( 1969). TEM studies on
ultrastructure of the sta rch granules with new preparation methods (in Frenc h). Starch /Starke 21(6), 156-163.
Authors : No, not to our knowledge.

Discussion with Reviewers
M. Wootton: I found considerable conflicting opinion
and evidence in the literature regarding the nature and
magnitude of the effects of irradiation on rice. Did the
authors, in their broad coverage of the literature, which
was in a more basic science content, encounter a si milar
si tuati on, and if so, would they please comment on the
reason for this?
Authors : Yes. Scientists differ in their opinion on
visual damage to starch granules, acidity produ ced by
irradiation and molecular degradation.
Differences
cou ld be due to differences in moisture contents of
starches at the time of irradiation , storage cond itions ,
type of starch (wheat, rice , corn) , presence of crystall ine
or non -crystalline regions.
D.J . Ga ll ant : Could you explain how an increase in
solubility , unless a dispersion of a part of the starch
granules and macromolecular breakdown , resu lt in a decrease in starch swellin g power , and how ca n it be seen
under the light microscope?
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